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Abstract—Ambient backscatter communications (AmBack-
Coms) have been recognized as a spectrum- and energy-efficient
technology for Internet of Things, as it allows passive backscatter
devices (BDs) to modulate their information into the legacy
signals, e.g., cellular signals, and reflect them to their associated
receivers while harvesting energy from the legacy signals to power
their circuit operation. However, the co-channel interference
between the backscatter link and the legacy link and the non-
linear behavior of energy harvesters at the BDs have largely been
ignored in the performance analysis of AmBackComs. Taking
these two aspects, this paper provides a comprehensive outage
performance analysis for an AmBackCom system with multiple
backscatter links, where one of the backscatter links is oppor-
tunistically selected to leverage the legacy signals transmitted in
a given resource block. For any selected backscatter link, we pro-
pose an adaptive reflection coefficient (RC), which is adapted to
the non-linear energy harvesting (EH) model and the location of
the selected backscatter link, to minimize the outage probability
of the backscatter link. In order to study the impact of co-channel
interference on both backscatter and legacy links, for a selected
backscatter link, we derive the outage probabilities for the legacy
link and the backscatter link. Furthermore, we study the best and
worst outage performances for the backscatter system where the
selected backscatter link maximizes or minimizes the signal-to-
interference-plus noise ratio (SINR) at the backscatter receiver.
We also study the best and worst outage performances for the
legacy link where the selected backscatter link results in the
lowest and highest co-channel interference to the legacy receiver,
respectively. Computer simulations validate our analytical results,
and reveal the impacts of the co-channel interference and the EH
model on the AmBackCom performance. In particular, the co-
channel interference leads to the outage saturation phenomenon
in AmBackComs, and the conventional linear EH model results
in an over-estimated outage performance for the backscatter link.
Index Terms—Ambient backscatter communication, non-linear
energy harvesting, co-channel interference, outage probability.
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IN the era of Internet of Things (IoT), a great number ofdevices will be deployed to monitor, sense, and generate
enormous data, in order to support different applications,
e.g., smart city, and intelligent agriculture. It is predicted by
Ericsson that about 22.3 billion IoT devices will be deployed
worldwide by 2024 [1]. The development of massive IoT
devices is facing different challenges caused by the limited
battery capacity of IoT deveices and the limited spectrum
resource. In this context, ambient backscatter communication
(AmBackCom) has been considered as a potential solution to
address these two challenges [2], [3]. In AmBackComs, the
backscatter device (BD) modulates its message on the received
legacy signals, e.g., cellular or WiFi signals, and reflects the
modulated signals to its associated receiver, while harvesting
energy from the legacy signals for covering the circuit energy
consumption [4], [5]. This is different from the simultaneous
wireless information and power transfer (SWIPT), where the
transmitter generates radio frequency (RF) signals itself for
conveying energy and information to the receiver simulta-
neously. Thus, the BD does not need active components,
e.g., oscillators, analog-to-digital/digital-to-analog converters,
resulting in a much less energy consumption as compared with
a SWIPT transmitter [2], [6]. Meanwhile, the backscatter link
shares the same spectrum resource with the legacy link, i.e.,
no extra spectrum resource is required for AmBackComs.
Due to the spectrum sharing between the legacy link and
the backscatter link, there will be co-channel interference
between them. Symbol detectors have been proposed for
THE backscatter receiver (BR) to suppress the co-channel
interference caused by the legacy transmitter (LT). In [7],
for the differential on-off modulation, a maximum a poste-
riori (MAP) based detector was proposed by exploiting the
difference between two consecutive signal powers. In [8], a
semi-coherent detection was developed based on the likelihood
ratio test. Exploiting the advantages of multiple antennas, the
authors of [9] proposed a maximum-eigenvalue detector and
demonstrated its superior symbol detection performance by
comparing with the energy-based detector. In [10], the ambient
waveform and the symbol detector were jointly designed for
orthogonal frequency division multiplexing (OFDM) systems.
The above works mainly focus on the detectors design and
characterizing the achievable bit error rate for backscatter
links, but have not considered the outage performance.
In addition to [8]–[10], there are a considerable number of
studies on the design of resource allocation schemes for Am-
backComs. In [11]–[18], the authors proposed harvest-then-
transmit (HTT) enabled AmBackComs, and designed resource
allocation schemes to satisfy various optimization goals. In
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2Table I Definitions of Notations
Notation Meaning
α Path loss exponent
P(·) Probability operator
E[·] Expectation operator
Pt Transmit power of the LT
Λ1k Frequency dependent constant
βk Reflection coefficient of the k-th BD
Pc,k Circuit power consumption at the k-th BD
T A whole time slot of the legacy transmission
CN (a, b) Gaussian distribution with mean a and variance b
γbth and γth SINR threshold for the k-th backscatter link and the legacy link
Pbout,k and Plout,k Outage probability for the k-th backscatter link and the legacy link
hp and dp Channel coefficient and distance of the legacy link
gpk and d
p
k Channel coefficient and distance of the LT-to-the k-th BR link (k ∈ {1, · · ·,K})
h1k and d1k Channel coefficient and distance of the LT-to-the k-th BD link (k ∈ {1, · · ·,K})
h2k and d2k Channel coefficient and distance of the k-th backscatter link (k ∈ {1, · · ·,K})
gsk and d
s
k Channel coefficient and distance of the k-th BD-to-LR link (k ∈ {1, · · ·,K})
these works, they mainly focused on balancing the time
allocation between the backscatter mode and the HTT mode
in order to maximize the achievable throughput of backscatter
links based on a fixed transmission rate of backscatter links,
i.e., the reflection coefficient (RC) of BDs and the transmit
power of the LT are fixed. By assuming that both the RC of
BDs and the transmit power of the LT can be adjusted, the
resource allocation scheme was designed in the coexistence
of cognitive networks and AmbackComs [19], where the sum
throughput of the backscatter link is maximized. AmbackCom
was combined with full-duplex transmissions in [20], where
a full-duplex access point simultaneously transmits signals to
its legacy receiver (LR) and receives the backscattered signals
from BDs, and the fairness among the backscatter links in
terms of the achievable throughput is guaranteed.
The performance analysis in terms of ergodic capacity and
outage probability has also been investigated in AmBackComs.
In [21], the ergodic capacity of the backscatter link with
a two-state modulation was derived in the case of real or
complex RF signals. In [22], the authors analyzed the ergodic
capacity in the coexistence of AmBackComs and legacy
systems that employ an OFDM scheme. In [23], the authors
analyzed the ergodic rate for legacy and backscatter links,
where the BD and the BR are co-located. In [24], the author
proposed an opportunistic AmBackCom-assisted decode-and-
forward relay network, and derived a closed-form expression
of the achievable ergodic capacity. The outage probability of a
backscatter link was analyzed in [25], where multiple antennas
and maximum ratio combing were employed at the BR, but
the outage performance of the legacy link was not studied.
Using tools from stochastic geometry, the outage probabilities
and achievable rates for the legacy and backscatter links were
investigated [26]. The authors in [27] derived the outage
probability of the backscatter link for a two-state modulation at
the BD. The authors of [28] considered the backscatter links as
the secondary users in a cognitive relay network, and derived
the outage probabilities of both the primary and backscatter
links. In [29], the authors proposed a novel hybrid device-
to-device (D2D) transmitter that alternately operates in the
backscatter mode and the HTT mode, and analyzed the outage
probability and the average outage capacity. However, there
are limitations in the above existing works, which are listed
below.
• The studies in [22]–[25], [28] assumed that the BR was
able to successfully decode the legacy signals and per-
form a perfect successive interference cancellation (SIC)
to remove the interference brought by the LT. The authors
of [26], [29] ignored the interference from the LT to the
backscatter links. In addition, the outage performance of
legacy links has largely been ignored [25], [27], [29].
Therefore, there is a lack of a comprehensive performance
analysis for AmbackComs.
• In AmBackComs, an energy outage event at the backscat-
ter link occurs when the harvested energy at the BD
cannot meet the circuit consumption. Hence, the perfor-
mance analysis of AmBackComs requires an accurate
model for the harvested energy. In [21] and [27], the
energy outage event was not considered. The studies
[11]–[17], [19], [20], [22]–[26], [28], [29] assume a linear
energy harvesting (EH) model at the BD, which fails
to characterize the inherent non-linearity of a practical
energy harvester [30]–[32]. The use of an inaccurate EH
model will affect the accuracy of signal-to-interference-
plus-noise ratios (SINRs) for both legacy and backscatter
links. Thus, it is desirable to consider a non-linear EH
model in the performance analysis for AmBackComs.
In this paper, we take the above observations into account
and analyze the outage probability of an AmBackCom net-
work. In particular, we consider an AmBackCom network with
multiple backscatter links, where only one backscatter link
is opportunistically selected to backscatter the legacy signal
transmitted in any given resource block, thus avoiding severe
co-channel interference among backscatter links.
Our main contributions are summarized as follows.
• Considering a practical non-linear EH model, we propose
an adaptive RC scheme to minimize the outage probabil-
ity for any selected backscatter link and obtain a closed-
form expression for the optimal RC, which provides a
guideline for BDs to set the value of RC in a practical
backscatter communication system. With the optimal RC
and a selected backscatter link, the outage probabilities
for the backscatter link and the legacy link are derived.
The outage-probability lower bounds for both links are
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Fig. 1. System model: the left subgraph subplot shows the structure of the k-th BD, and the right subgraph subplot illustrates the AmBackCom network.
obtained as the transmit power of the LT approaches
infinity.
• We evaluate the best and worst outage performances
for the backscatter system and the legacy transmission,
respectively. Specifically, the selected backscatter link
with the maximum (or minimum) SINR at the BR leads to
the best (or worst) outage performance for the backscatter
system, while the selected backscatter resulting in the
lowest (or highest) co-channel interference to the LR
causes the best (or worst) outage performance for the
legacy system.
• We examine the effects of co-channel interference and
the EH model on the achievable outage probability of the
considered AmBackCom network, and make the follow-
ing new observations. Firstly, the co-channel interference
between the backscatter link and the legacy link leads to
an outage saturation phenomenon for both the backscatter
and legacy links at a high transmit power of the LT. Sec-
ondly, the passive BD that causes the lowest co-channel
interference to the LR can realize its own information
transmission at the cost of a slightly degraded outage
performance of the legacy link even for low or medium
transmit power of the LT. Thirdly, the conventionally
used linear EH model leads to a greatly over-estimated
outage performance for the backscatter link and a slightly
underrated outage performance for the legacy link.
The remainder of this paper is organized as follows. The
system model is provided in Section II. Sections III and IV
analyze the outage performance of the backscatter system and
the legacy transmission, respectively. Numerical results are
shown in Section V, followed by conclusions in Section VI.
Besides, the main notations have been summarized in Table I,
as shown at the top of the next page.
II. SYSTEM MODEL
In this work, we consider an AmBackCom network, which
consists of one LT, one LR, and K BDs and their receivers, as
shown in Fig. 1. In this network, the LT transmits its signal to
the LR in a given resource block, forming a legacy radio link,
while one of backscatter links is opportunistically selected to
modulate its information into the LT transmitted signal and
backscatter the modulated signal to its own receiver. Assume
that all channels are quasi-static and subject to path-loss and
Rayleigh fading. Let hp, g
p
k, h1k, h2k and g
s
k (k ∈ {1, · · ·,K})
denote the channel coefficients1 of the legacy link, the LT-
to-the k-th BR link, the LT-to-the k-th BD link, the k-th
backscatter link, and the k-th BD-to-LR link, respectively. The
corresponding distances are denoted by dp, d
p
k, d1k, d2k and
dsk, respectively.
For the legacy system, the LT transmits its information xp
with E[|xp|2] = 1 to the LR. Meanwhile, the received signal
at the k-th BD is given by
ybk =
√
PtΛ1kd
−α
1k h1kxp + n
b
k, (1)
where Pt is the transmit power of the LT; Λ1k denotes the
frequency dependent constant [34] for the LT-to-the k-th BD
link; α is the path loss exponent and nbk ∼ CN (0, σ2) denotes
the additive white Gaussian noise (AWGN) at the k-th BD.
Following [19], the received signals at the k-th BD is
divided into two parts through a RC βk:
√
βky
b
k used for EH
and the remaining one with
√
1− βkybk for backscattering.
Here we consider a practical non-linear EH model proposed
in [30] to characterize the harvested power. Then the total
harvested energy at the k-th BD is given by
Ek =
Emax,k (1− exp (−s1kPr,k + s1ks0k))
1 + exp (−s1kPr,k+s1ks2k) T, (2)
where Pr,k = βkPtΛ1kd−α1k |h1k|2 is the input RF power of the
harvester at the k-th BD; Emax,k is the maximum harvestable
power when the circuit is saturated; s0k denotes the sensitivity
threshold; s1k and s2k are fixed parameters determined by the
1 The channel gains |gpk|2 and |h1k|2|h2k|2 can be estimated by using the
channel estimation method proposed in [33]. Please note that |h1k|2 can be
obtained after estimating |h2k|2, and |h2k|2 can be estimated using traditional
channel estimation methods. Particularly, the k-th BR is a traditional node and
can send a pilot signal to the k-th BD and then the k-th BD reflects the pilot
signal to the k-th BR. By performing least-square estimation, the k-th BR can
obtain the product of the forward channel gain and the backward channel gain.
Due to the channel reciprocity, the forward channel gain equals the backward
channel gain and hence |h2k|2 is obtained by taking the square root of the
product.
4resistance, capacitance, and diode turn-on voltage; T is the
whole time slot for the legacy transmission.
Let Pc,k denote the circuit power consumption at the k-
th BD. When Ek ≥ Pc,kT , the k-th BD has enough energy
for the circuit operation. Otherwise, the k-th BD can not
backscatter information to its receiver. For the above two cases,
we can write the received SINR at the BR and LR as follows.
(i) If Ek ≥ Pc,kT , the k-th BD can modulate its own
information xbk with E[|xbk |2] = 1 on the received signal√
1− βkybk, and reflect the modulated signals. Then the re-
ceived signal from the k-th BD to its receiver is
yrk =
√
ηk (1− βk)PtK1kK2kh1kh2kxpxbk
+
√
PtK
p
kg
p
kxp + n
r
k, (3)
where ηk denotes the backscatter efficiency [4] for the k-th
BD, K1k = Λ1kd−α1k ,K2k = Λ2kd
−α
2k ,K
p
k = Λ
p
k(d
p
k)
−α with
the frequency dependent constant for the LT-to-the k-th BR
link Λpk, and n
r
k ∼ CN (0, σ2) is the AWGN at the k-th BR.
Accordingly, the SINR for decoding xbk at the BR can be
written as
γbk =
ηk (1− βk)PtK1kK2k|h1k|2|h2k|2
PtK
p
k |gpk|2 + σ2
. (4)
Since the backscattered signals cause interference to the LR,
the received signal at the LR is given by
y
(1)
k =
√
ηk (1− βk)PtK1kKskh1kgskxpxbk
+
√
PtKphpxp + np (5)
where Kp = Λpd−αp , K
s
k = Λ
s
k(d
s
k)
−α, Λp and Λsk are the
frequency dependent constants for the legacy link and the k-
th BD-to-LR link, respectively; np ∼ CN (0, σ2) is the AWGN
at the LR. Thus the SINR at the LR is written as
γ
(1)
k =
PtKp|hp|2
ηk (1− βk)PtK1kKsk|h1k|2|gsk|2 + σ2
. (6)
(ii) If Ek < Pc,kT , the k-th BD keeps silent and the k-th
BR link is in outage. In this case, the received signal at the
LR is written as
y
(2)
k =
√
PtKphpxp + np. (7)
Then the signal-to-noise-ratio (SNR) at the LR is calculated
as
γ
(2)
k =
PtKp|hp|2
σ2
. (8)
III. OUTAGE ANALYSIS FOR AMBACKCOMS
In this section, we analyze the outage performance2 for the
considered backscatter system. Assume that the k-th BD is
selected to backscatter information to its receiver, while other
backscatter links keep silent. Let Pbout,k denote the outage
2Reliable transmission and the performance evaluation are crucially im-
portant in wireless communication systems. The outage probability has been
recognized as one of important performance metrics to evaluate the reliability
of a transmission link, since it provides a lowest bound on the transmission
error probability [35].
probability for the k-th backscatter link. For a given SINR
threshold γbth, Pbout,k can be calculated as
Pbout,k = P(Ek < Pc,kT ) + P(γbk < γbth, Ek ≥ Pc,kT ), (9)
where the first term denotes the energy outage probability that
the k-th BD does not have enough energy for backscattering
while the second term expresses the probability that the k-th
BR fails to decode backscattered information in the case of
Ek ≥ Pc,kT .
A. Adaptive RC Scheme
For the backscatter link, we adopt an adaptive RC scheme
to minimize the outage probability of the backscatter link.
Since minimizing the outage probability Pbout,k is equivalent
to maximizing the successful transmission probability for the
backscatter link and the successful transmission happens only
when γbk ≥ γbth and Ek ≥ Pc,kT hold simultaneously, we can
formulate the optimization problem as
P1 : max
βk
P(γbk ≥ γbth)
s.t. C1 : Ek ≥ Pc,kT,
C2 : 0 ≤ βk ≤ 1,
where constraint C1 should be satisfied to ensure that the
harvested energy is enough for circuit operation consumption
during backscattering. It is worth noting that for the case with
Ek < Pc,kT , Pbout,k is always equal to 1 since the k-th BD is
always inactive due to the lack of energy.
After some mathematical calculations, the problem P1 can
be transformed as
P2 : max
βk
P(γbk ≥ γbth)
s.t. : min
(
Φk
PtK1k|h1k|2 , 1
)
≤ βk ≤ 1,
where Φk =
ln
Emax,ke
s1ks0k+Pc,ke
s1ks2k
Emax,k−Pc,k
s1k
.
Proof. Substituting (2) into constraint C1 and after some
mathematical manipulation, we have Pr,k ≥ Φk. As Pr,k =
βkPtK1k|h1k|2 denotes the received power at the k-th BD,
we can derive the following inequality, i.e., βk ≥ ΦkPtK1k|h1k|2 .
Since Emax,k > Pc,k, βk > 0 always holds. Combining βk ≥
Φk
s1kPtK1k|h1k|2 with constraint C2, we obtain the range of βk
as min
(
Φk
PtK1k|h1k|2 , 1
)
≤ βk ≤ 1. 
Since P(γbk ≥ γbth) decreases with the increasing of βk, the
optimal RC for the k-th BD is given by
β∗k = min
(
Φk
PtK1k|h1k|2 , 1
)
. (10)
The derived expression in (10) provides a guideline to set the
value of RC in a practical AmBackCom.
5PHSout,k ≈ 1−exp
(
− bk
akλ1k
)[
1− FSk
(
γbthσ
2
)−exp( σ2
PtK
p
kλ
p
k
)[
Θk − 1
λ1kλ2kak
(
γbthσ
4
PtK
p
kλ
p
k
ln

√
γbthσ√
λ1kλ2kak
− 1
4

− 2γbthσ2
ln

√
γbthσ√
λ1kλ2kak
− 1
2
)+ 2γbthϑkc0(1− exp(− σ2PtKpkλpk
))]]
. (16)
B. Outage Analysis for the k-th Backscatter Link
By applying β∗k , Pbout,k can be rewritten as
Pbout,k = P
(
|h1k|2 < bk
ak
)
︸ ︷︷ ︸
I1
+ P
(
Sk
PtK
p
k |gpk|2 + σ2
< γbth, |h1k|2 ≥
bk
ak
)
︸ ︷︷ ︸
I2
, (11)
where ak = ηkPtK1kK2k, bk = ηkΦkK2k, and Sk ={
ak|h1k|2|h2k|2 − bk|h2k|2, if |h1k|2 ≥ bkak
0, otherwise
.
Since the multiplicative and additive channel gain, Sk, is
included in (11), we first provide a proposition to derive
its probability density function (PDF) and then calculate the
outage probability of k-th backscatter link in the following
context.
Proposition 1: Based on |h2k|2 ∼ exp( 1λ2k ), conditioning
on |h1k|2 ≥ bkak , the cumulative distribution function (CDF)
of Sk, denoted by FSk(x), and the PDF of Sk, denoted by
fSk(x), are, respectively, given by
FSk(x) = 1−
1
λ1kak
√
4akλ1kx
λ2k
K1
(√
4x
λ2kλ1kak
)
, (12)
fSk(x) =
2
λ1kλ2kak
K0
(
2
√
x
λ1kλ2kak
)
, (13)
where both K0(·) are K1(·) are the modified Bessel functions
of the second kind [36].
Proof: See Appendix A. 
Using Proposition 1, we can obtain the following theorem.
Theorem 1. The outage probability of the k-th backscatter
link can be calculated as
Pbout,k =
1− exp
(
− bk
akλ1k
)[
1− FSk
(
γbthσ
2
)− exp( σ2
PtK
p
kλ
p
k
)
×
(
Θk−
∫ γbthσ2
0
exp
(
− x
γbthPtK
p
kλ
p
k
)
fSk (x) dx
)]
, (14)
where Θk = −ϑkγbthEi(−ϑkγbth) exp
(
ϑkγ
b
th
)
with ϑk =
PtK
p
kλ
p
k
λ1kλ2kak
and the exponential integral function Ei(%) =∫ %
−∞ t
−1etdt [eq. (8.211.1), [36]].
Proof: See Appendix B. 
Although (14) is more analytical than (11), there is still
no closed-form expression for Pbout,k due to the involved in-
tegral
∫ γbthσ2
0
exp
(
− x
γbthPtK
p
kλ
p
k
)
fSk (x) dx. In what follows,
we provide two ways to address this problem. One is to use
Gaussian-Chebyshev quadrature to obtain an approximation
for Pbout,k for any given Pt, since it can provide sufficient
level of accuracy within very few terms [34], [37], [38]. The
other is to approximate Pbout,k based on a high transmit power
of the LT. Such an approach aims to find some insights and
has been widely used in the field of performance analysis.
Gaussian-Chebyshev Approximation: Based on the
Gaussian-Chebyshev quadrature, we have the following
approximation, i.e.,
Pbout,k ≈ 1− exp
(
− bk
akλ1k
)
×
[
1− FSk
(
γbthσ
2
)− exp( σ2
PtK
p
kλ
p
k
)
×
(
Θk − piγ
b
thσ
2
2M
M∑
m=1
√
1− v2m
× exp
(
− κ
(0)
m
γbthPtK
p
kλ
p
k
)
fSk
(
κ(0)m
))]
, (15)
where vm = cos 2m−12M pi, κ
(0)
m =
γbthσ
2
2 vm +
γbthσ
2
2 , and M is
a parameter that determines the tradeoff between complexity
and accuracy.
Remark 1: The derived expression in (15) has the following
applications. Firstly, it provides a closed-form expression that
can accurately evaluate the outage probability of the k-th
backscatter link with a small M , thus avoiding the necessity of
Monte Carlo simulations. This would be useful for the service
providers and the industry, who may take up experiments
and/or implementations based on their assessments of the
reported results, because they need to know the bound perfor-
mance of a practical system. Secondly, the outage probability
expression in (15) and the numerical results generated using
it enable us to obtain useful insights into how the system
parameters affect the outage performance of a backscatter
system.
Outage Probability with a High Transmit Power of the LT:
Assuming a high transmit power of the LT, we derive the
outage probability for the k-th backscatter link, denoted by
PHSout,k, which is given (16), as shown at the top of the next
page.
Proof: See Appendix D. 
6Using (16), we can see that PHSout,k converges to a lower
bound when Pt →∞, given by
lim
Pt→∞
PHSout,k= −
Kpkλ
p
kγ
b
th
λ1kλ2kηkK1kK2k
Ei
(
− K
p
kλ
p
kγ
b
th
λ1kλ2kηkK1kK2k
)
× exp
(
Kpkλ
p
kγ
b
th
λ1kλ2kηkK1kK2k
)
. (17)
Proof: If Pt → ∞, ϑk is bound and ak converges to in-
finity. Thus, exp
(
− bkakλ1k
)
, FSk
(
γbthσ
2
)
, exp
(
σ2
PtK
p
kλ
p
k
)
and
exp
(
− σ2
PtK
p
kλ
p
k
)
converge to one. Combing this conclusion,
i.e., lim
ak→∞
ln
( √
γb
th
σ√
λ1kλ2kak
)
λ1kλ2kak
= lim
ak→∞
− 12ak
λ1kλ2k
= 0, (17) can be
obtained. 
Remark 2: The bound in (17) reveals that the interference
caused by the legacy transmission leads to the outage satu-
ration phenomenon of the k-th backscatter link, and that the
diversity gain of the k-th backscatter link can be calculated as
lim
Pt→∞
− log(P
HS
out,k)
logPt
= 0. This is because the interference link
from the LT-to-the k-th BR scales along the transmit power of
the LT at each block, which leads to a bound of γbk as Pt grows.
Also, it reveals that how the channel qualities impact on the
low bound for the outage probability of the k-th backscatter
link. In particular, lim
Pt→∞
PHSout,k decreases with the increase of
Kpkλ
p
k
λ1kλ2kK1kK2k
that is related with the means of the channel
gains of the LT-to-the k-th BD link, the k-th backscatter link
and the interfering link from LT-to-BR.
To better understand the performance bounds of backscatter
systems, we turn our attention to investigate its outage prob-
ability under two extreme cases.
1) Outage Probability under the Best Case: Specifically,
the selected backscatter link with the maximum SINR at the
BR results in the best case. Denote the outage probability of
this case as Pbcout,b, which can be computed as
Pbcout,b=P
(
max
(
S1
PtKr1|gp1 |2+σ2
, . . . ,
SK
PtKrK |gpK |2+σ2
)
<γbth
)
(a)
=
K∏
k=1
P
(
Sk
PtK
p
k |gpk|2 + σ2
< γbth
)
=
K∏
k=1
Pbout,k, (18)
where step (a) holds since
{
Sk
PtK
p
k |gpk|2+σ2
}
k∈{1,...,K}
are inde-
pendent of each other.
Accordingly, the lower bound of the outage probability for
this case is given as
lim
Pt→∞
Pbcout,b =
K∏
k=1
lim
Pt→∞
PHSout,k. (19)
2) Outage Probability under the Worst Case: The worst
case will happen when the selected backscatter link achieves
the minimum SINR at the BR. Under such case, the outage
probability, denoted by Pwcout,b, is given by
Pwcout,b
= P
(
min
(
S1
PtKr1|gp1 |2+σ2
, . . . ,
SK
PtKrK |gpK |2+σ2
)
<γbth
)
= 1−P
(
min
(
S1
PtKr1|gp1 |2+σ2
, . . . ,
SK
PtKrK |gpK |2+σ2
)
≥γbth
)
= 1−
K∏
k=1
(
Sk
PtK
p
k |gpk|2 + σ2
≥ γbth
)
= 1−
K∏
k=1
(
1− Pbout,k
)
. (20)
Similarly as (19), the low bound of the outage probability
in the worst case for the backscatter system is written as
lim
Pt→∞
Pwcout,b = 1−
K∏
k=1
(
1− lim
Pt→∞
PHSout,k
)
. (21)
IV. OUTAGE ANALYSIS FOR LEGACY TRANSMISSION
In this section, we study the outage performance of the
legacy system in order to see how backscatter system influ-
ences the legacy transmission. For the legacy transmission with
a given backscatter link, an outage event will occur in two
cases. The first case is that the BD does not have enough
energy for backscattering while the received SNR at the LR
is less than the given threshold. The second case is that the
BD has enough energy for backscattering while the received
SINR at the LR is less than the given threshold. Let P lout,k
denote the outage probability for the legacy link when the k-th
backscatter link is selected. Let γth be the threshold for the
legacy transmission. Then P lout,k is given by
P lout,k = P(γ(1)k < γth, Ek ≥ Pc,kT )
+ P(γ(2)k < γth,Ek < Pc,kT ), (22)
where the first term and the second term denote the outage
probabilities for the cases with Ek≥ Pc,kT and Ek<Pc,kT ,
respectively.
Considering β∗k , P lout,k can be rewritten as
P lout,k =P
(
PtKp|hp|2
σ2
<γth, |h1k|2< bk
ak
)
︸ ︷︷ ︸
I3
+ P
(
PtKp|hp|2
Gk + σ2
<γth, |h1k|2≥ bk
ak
)
︸ ︷︷ ︸
I4
, (23)
where aik = ηkPtK1kKsk, bik = ηkΦkK
s
k, and Gk ={
aik|h1k|2|gsk|2 − bik|gsk|2, if |h1k|2 ≥ bkak
0, otherwise
.
7Since both |hp|2 and |h1k|2 are independent of each other,
I3 can be calculated as
I3 = P
(
PtKp|hp|2
σ2
< γth
)
P
(
|h1k|2 < bk
ak
)
=
(
1−exp
(
− γthσ
2
PtKpλp
))(
1− exp
(
− bk
λ1kak
))
. (24)
Similarly to the derivation in Appendix B, I4 can be written
as
I4 = P
(
|hp|2 <
γth
(
Gk+σ
2
)
PtKp
∣∣∣∣|h1k|2≥ bkak
)
P
(
|h1k|2≥ bk
ak
)
= exp
(
− bk
akλ1k
)[
1− exp
(
− γthσ
2
PtKpλp
)
I5
]
, (25)
where I5 =
∫ +∞
0
exp
(
− γthxPtKpλp
)
fGk (x) dx and fGk (x)
denotes the PDF of Gk under the case of |h1k|2≥ bkak .
Similarly as Proposition 1, we have fGk (x) =
2
λ1kλskaik
K0
(
2
√
x
λ1kλskaik
)
. Based on Appendix C, I5 can
be computed as
I5 = −Ξk exp (Ξk) Ei (−Ξk) , (26)
where Ξk =
PtKpλp
γthλ1kλskaik
.
Substituting (24), (25) and (26) into (23), P lout,k is obtained.
Then we can obtain the lower bound for the outage probability
of the legacy transmission, given by
lim
Pt→∞
P lout,k = 1 +
Kpλp
ηkγthλ1kλskK1kK
s
k
×
exp
(
Kpλp
ηkγthλ1kλskK1kK
s
k
)
Ei
(
− Kpλp
ηkγthλ1kλskK1kK
s
k
)
.
(27)
In the following, we will further analyze the outage prob-
ability for the legacy transmission under two extreme cases
so that we can know the bound performance of the legacy
transmission. The first case (also termed as best case) is caused
by the selected backscatter link with the minimum interference
on the LR and will lead to the lowest outage probability of
the legacy transmission. The second case is the worst case,
where the selected backscatter link results in the maximum
interference on the LR.
A. Outage Probability under the Best Case
There are two cases for the outage probability under the
best case. Specifically, when there is at least one backscatter
link that is inactive due to the lack of energy, the best
case for the legacy transmission happens with the inactive
backscatter link selected. In this case, the received SNR at
the LR is given by γ(2)k . When all the backscatter links have
enough energy for backscattering, the backscatter link with
the minimum interference Gmin = min{G1, G2, · · · , GK}
should be selected and the received SINR is determined by
γlbc =
PtKp|hp|2
Gmin+σ2
. Accordingly, we can compute the outage
probability under the best case as
Pbcout,l = PNo−SLout,l (1− P1) + P2P1, (28)
where P1 is the probability that all the backscatter links have
enough energy for backscattering; P2 is the probability of
γlbc < γth conditioning on all active backscatter links, and
PNo−SLout,l is the outage probability of the legacy transmission
when the backscatter link is inactive, i.e., the backscatter link
has no impacts on the legacy transmission. PNo−SLout,l is given
by
PNo−SLout,l = P
(
PtKp|hp|2
σ2
< γth
)
= 1− exp
(
− γthσ
2
PtKpλp
)
. (29)
Thus, in order to obtain the value of Pbcout,l, we should de-
termine the values of P1 and P2 first. Based on the definitions,
P1 can be calculated as
P1 = P
(
K⋂
k=1
|h1k|2 > bk
ak
)
=
K∏
k=1
exp
(
− bk
λ1kak
)
. (30)
P2 is determined by
P2 = P
(
γlbc < γth
∣∣∣∣ K⋂
k=1
|h1k|2 > bk
ak
)
= 1− exp
(
− γthσ
2
PtKpλp
)
× E
[
exp
(
−γthGmin
PtKpλp
)∣∣∣∣ K⋂
k=1
|h1k|2 > bk
ak
]
. (31)
Proposition 2: The CDF of min (G1, G2, . . . , GK) condi-
tioned on
K⋂
k=1
|h1k|2 > bkak , denoted by FGmin(x), is given by
FGmin(x)
= 1−
K∏
k=1
[
1
λ1kaik
√
4aikλ1kx
λsk
K1
(√
4x
λ1kλskaik
)]
. (32)
Proof: See Appendix E. 
According to the Proposition 2, P2 can be computed as
P2
= 1− exp
(
− γthσ
2
PtKpλp
)∫ +∞
0
exp
(
− γthx
PtKpλp
)
fGmin(x)dx
(a)
= 1− e−
γthσ
2
PtKpλp
∫ +∞
0
exp (−t)FGmin
(
PtKpλpt
γth
)
dt
(b)
= 1− e−
γthσ
2
PtKpλp
∫ 1
0
FGmin
(
−PtKpλp
γth
ln y
)
dy, (33)
where fGmin (x) is the PDF of Gmin conditioned on
K⋂
k=1
|h1k|2 > bkak ; step (a) follows by using the subsection
integral method and letting t = γthxPtKpλp ; step (b) holds by
letting y = e−t.
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Fig. 2. Outage probability for a backscatter system versus the transmit power
of the LT.
Similar to (15), we employ Gaussian-Chebyshev quadrature
to obtain an approximation for P2, given by
P2 ≈ 1− pie
− γthσ2PtKpλp
2M
×
M∑
m=1
√
1− v2mFGmin
(
−PtKpλp
γth
lnκ(1)m
)
, (34)
where κ(1)m = vm2 +
1
2 .
Based on (28), (29), (30) and (34), Pbcout,l can be obtained.
Accordingly, the lower bound for the outage probability of the
legacy transmission in the best case can be written as
lim
Pt→∞
Pbcout,l ≈ 1−
pi
2M
M∑
m=1
√
1− v2m
× FGmin
(
−PtKpλp
γth
lnκ(1)m
)
. (35)
B. Outage Probability under the Worst Case
Likewise, the outage probability under the worst case is
given by
Pwcout,l
= 1−exp
(
− γthσ
2
PtKpλp
)
E
[
exp
(
−γthĜmax
PtKpλp
)]
= 1−exp
(
− γthσ
2
PtKpλp
)∫ +∞
0
exp
(
− γthx
PtKpλp
)
fĜmax (x) dx
= 1−exp
(
− γthσ
2
PtKpλp
)∫ 1
0
FĜmax
(
−PtKpλp
γth
ln t
)
dt, (36)
where Ĝmax = max{Ĝ1, Ĝ2, · · · , ĜK} with Ĝk ={
Gk, |h1k|2 > bkak
0, |h1k|2 ≤ bkak
, fĜmax (x) denotes the PDF of Ĝmax and
FĜmax (x) is the CDF of Ĝmax.
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Table II Meaning of the Derived Outage Probabilities
Notation Meaning
Pbout,k Outage probability for the k-th backscatter link
Pbcout,b The lowest outage probability for the backscatter system
Pwcout,b The highest outage probability for the backscatter system
Plout,k Outage probability for the legacy link when the k-th
backscatter link is selected
Pbcout,l The lowest outage probability for the legacy system
Pwcout,l The highest outage probability for the legacy system
Proposition 3: The CDF of max{Ĝ1, Ĝ2, · · · , ĜK}, de-
noted by FĜmax(x), is given by
FĜmax(x)
=
K∏
k=1
(
1− 1
λ1kaik
√
4aikλ1kx
λsk
K1
(√
4x
λ1kλskaik
))
× exp
(
− bk
akλ1k
)
+ 1− exp
(
− bk
akλ1k
)
. (37)
Proof: See Appendix F. 
Based on the Proposition 3, by using Gaussian-Chebyshev
quadrature, Pwcout,l can be approximated as
Pwcout,l ≈ 1−
pie
− γthσ2PtKpλp
2M
×
M∑
m=1
√
1− v2mFĜmax
(
−PtKpλp
γth
lnκ(1)m
)
. (38)
Thus the low bound for the outage probability of the legacy
transmission in the worst case can be computed as
lim
Pt→∞
Pwcout,l ≈ 1−
pi
2M
M∑
m=1
√
1− v2m
× FGˆmax
(
−PtKpλp
γth
lnκ(1)m
)
. (39)
For better understanding, we summarize the meaning of the
derived outage probabilities as Table II.
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V. SIMULATION AND DISCUSSION
In this section, we evaluate the outage performance of
AmBackComs. In what follows, based on [15]–[17], [29], we
set the basic parameter values as follows: K = 3, W = 1
MHz, T = 1 second, Pc,1 = Pc,2 = Pc,3 = 8.9 µW,
U = 1 kbps, and α = 2.7. The backscatter efficiency ηk
reflects a loss of 1.1 dB [15], and the noise power spectral
density is set to be −120 dBm/Hz [29]. For the legacy
transmission, the given transmission rate is set as 10 Mbps.
According to [32], the parameters of the considered non-linear
EH model is set as Emax,1 = Emax,2 = Emax,3 = 240µW,
s11 = s12 = s13 = 5000 and s21 = s22 = s23 = 0.0002.
Besides the above simulation parameters, the distances are
set as: dp = 10 metres, d
p
1 = 5 metres, d
p
2 = 3 metres, d
p
3 = 4
metres, d11 = 4 metres, d12 = 2 metres, d13 = 3 metres,
d21 = 1.2 metres, d22 = 2 metres, d23 = 1.5 metres, ds1 = 7
metres, ds2 = 9 metres, and d
s
3 = 8 metres. According to [34],
we suppose that the LT transmits its signal at 915 MHz and
the antenna gain for each BD is set to be 1.8 dBi, while the
antenna gains for the LT, the LR and the BRs are all set as 6
dBi.
A. Outage performance analysis for the backscatter links
Fig. 2 shows the outage probabilities of the backscatter
system versus the transmit power of the LT Pt. Note that
the outage probability for the k-th (k ∈ {1, 2, 3}) backscatter
link is computed based on (15) ((16) for the high SNR
approximation) while the outage probabilities under the best
case and the worst case are determined by (18) and (20),
respectively. For the linear EH model, the conversion effi-
ciency is fixed as 0.8 throughout the simulations. As shown
in this figure, we can see that our derived analytical results
match well with simulation results that are obtained by over
1 × 106 Monte Carlo simulations and marked by red circles.
This observation demonstrates the correctness of our derived
outage probabilities. It also shows that a small M , i.e.,
M = 10, is sufficient to provide an accurate outage probability
for Gaussian-Chebyshev approximation. Besides, the outage
probabilities under the linear EH model can not correctly
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transmission rate.
characterize the outage performance of the backscatter system.
For example, the outage performance under the linear model is
over-estimated for the backscatter system. In addition, we can
also observe that all the outage probabilities decrease with the
increasing of Pt and when Pt is large enough, all the outage
probabilities get saturated. That is to say, there exists an error
floor caused by the interference from the legacy transmission.
Another observation is that the outage probability under the
best case can achieve the best outage performance while
the outage probability under the worst case is the highest
as expected. It is also found that choosing the backscatter
link with the maximum SINR at the BR for backscattering
can greatly reduce the error floor and improve the outage
performance of backscatter system.
Fig. 3 illustrates the outage capacity for the backscatter
link versus the circuit power consumption, where the third
BD is selected to backscatter information and three schemes
are employed at the BD, namely the proposed adaptive RC
scheme, the fixed RC scheme and the random RC scheme.
Specifically, Pt is set to be 20 dBm. For the proposed scheme,
the RC ratio is determined by (10). For the fixed RC scheme,
the RC ratio is set to be 0.3, 0.5 and 0.7, respectively. For
the random RC scheme, the RC ratio follows a uniform
distribution over the closed interval [0, 1]. It can be observed
that as the circuit power consumption increases, the outage
capacity decreases. This is because with the increasing of the
circuit power consumption, the outage probability will increase
due to the fact that most of received signals will be harvested
to power the circuit operation, resulting in a smaller received
SINR at the BR. Besides, a larger outage probability leads to
a smaller outage capacity. By comparisons, we can see that
the proposed scheme can achieve the best performance since
the proposed scheme provides more flexibility to utilize the
resource efficiently.
B. The impact of backscatter links on the legacy transmission
Fig. 4 plots the outage probability for the legacy transmis-
sion as a function of the transmit power of the LT, where
four cases are considered. The first case is the case without
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backscatter transmission. In this case, the legacy transmission
will not be interfered and the outage probability for the legacy
transmission is given by (29). The second case is the case
where the k-th (k ∈ {1, 2, 3}) BD is selected and the outage
probability of the legacy transmission is determined by (23).
The third case is the best case where the backscatter link with
the minimum interference on the legacy link is selected for
backscattering and the outage probability of this case is given
by (28). The fourth case is the worst case where the backscatter
link with the maximum interference on the legacy link is
selected and the outage probability is computed based on (38).
One observation is that there is an exact agreement between
the derived results and the Monte Carlo simulation results.
Besides, we also observe that the outage probability of the
legacy transmission with an interference from the backscatter
link is generally inferior to that of the legacy transmission
with no interference. Due to the existence of the interference,
there exists an error floor for the outage probability of the
legacy transmission. Another observation is that the outage
probability under the best case is lowest among the cases with
interferences while the outage probability under the worst case
is highest. In addition, the selected backscatter link with the
minimum interference for backscattering is helpful to reduce
error floor and eliminate the bad influence as much as possible.
Also, we can find that the results with the linear model can not
catch the outage performance of the real systems, but the gap
caused by the inaccurate energy harvesting mode is smaller
than the backscatter system.
Fig. 5 shows the outage probability of the legacy transmis-
sion versus the given transmission rate Rth, where Pt is set as
30 dBm. It can be observed that with the increasing of Rth,
all the outage probabilities firstly increase and then equal one.
For example, when Rth is large enough, i.e., Rth ≥ 18 Mbps,
all the outage probabilities are always one. This observation
is refer to as rate ceiling. In addition, it can also be found
that the outage probability of the best case is lowest and the
corresponding rate ceiling is the largest.
C. Trade-off for the outage performance between the legacy
transmission and the backscatter link
In order to study the impact of the location of the BD
on the both legacy and backscatter links, we consider a
specific scenario which consists of one LT, one LR, one
BD and one BR, as shown in Fig. 6(a). In particular, the
LT is located at the origin (0, 0). The LR and the BR lie
on the x-axis with (dp, 0) and the y-axis with (0,−dp1),
respectively. Assume that the BD moves on a circle of radius
d11 centered around the origin. Denote the angle between the
radius and the x-axis as θ. Then d21 and ds1 are computed
as d21 =
√
d211 + (d
p
1)
2 − 2d11dp1 cos
(
θ + pi2
)
and ds1 =√
d211 + (dp)
2 − 2d11dp cos (θ), respectively. Let dp, d11 and
dp1 be 10 m, 2 m and 4 m.
Fig. 6(b) plots the outage probabilities of the legacy trans-
mission and the backscatter link versus θ for the considered
scenario. It can be observed that the outage probability of the
legacy link decreases when the angle varies in the range of
[0, pi] and increases within [pi, 2pi], while the outage probability
of the backscatter transmission increases within the ranges of
[0, pi2 ] and [
3pi
2 , 2pi] and decreases within [
pi
2 ,
3pi
2 ]. It can be
found that the minimum outage probabilities for the legacy
and the backscatter transmissions are achieved at θ = pi and
θ = 3pi2 , respectively. With θ ∈ [0, pi2 ] (or θ ∈ [pi, 3pi2 ]), a better
outage performance for the legacy (or backscatter) link is
achieved at the cost of the backscatter (legacy) transmission’s
performance. With θ ∈ [pi2 , pi], a win-win situation will be
achieved and when θ ∈ [ 3pi2 , 2pi], the outage performance of
both the legacy and the backscatter links will become worse,
which needs to be avoided. It is worth noting that the win-
win area can be enlarged by adjusting the location of the BR
with dp1 unchanged. For example, when the BR in Fig. 6(a)
moves away from the LR in a clockwise direction with dp1
unchanged, the bule dotted line in Fig. 6(b) will move the
same angle to the left and the win-win area also increases.
When the BR is located at (−dp1, 0) (the opposite direction of
the LR), the win-win area is θ ∈ [0, pi], which is the largest.
When the BR is located at (dp1, 0), there is no win-win area
in this case. Besides, we can also get some insights for the
11
deployment of the BD. For example, we can choose a proper
angle to minimize the outage probability of the backscatter
link while satisfying a given outage constraint for the legacy
transmission.
Fig. 6(c) shows the impact of d11 on the outage probabilities
of the legacy transmission and the backscatter link, where θ
is fixed as pi4 and
5pi
4 , respectively. It can be observed that
with the increasing of d11, the outage probabilities of the
legacy transmission decrease while the outage probabilities
of the backscatter link increase. This is because the received
RF power decreases with the increasing of d11, resulting in
a smaller backscattered signal at both the LR and the BR. It
can also be found that under the given outage constraint for
the legacy link, it is better to choose a smaller d11 to achieve
a better outage performance of the backscatter transmission.
VI. CONCLUSIONS
In this work, we have studied the outage performance for
AmBackComs. Specifically, we have proposed an adaptive RC
to minimize the outage probability for any given backscatter
link. With a given backscatter link and the optimal RC
ratio, we derived the outage probabilities for the backscatter
system and the legacy transmission, respectively. Besides,
the best and worst outage performances of the backscatter
system and the legacy transmission have been investigated,
respectively. Simulation results have verified the correctness
of our analytical results and provided practical insights into
the impacts of the co-channel interference, the EH model, and
the location of BDs. Key observations have been summarized
as follows. Firstly, the co-channel interference leads to the
outage saturation phenomenon in the backscatter and legacy
links. Besides, the backscatter transmission leads to a rate
ceiling for the legacy link. Secondly, selecting the backscatter
link with the lowest interference on the LR ensures that the
performance loss of the legacy link is kept to a minimum.
Thirdly, the conventionally used linear EH model will result
in an over-estimated outage performance for the backscatter
link while the impact on the legacy link is very small.
APPENDIX A
We first compute P(Sk ≤ x, |h1k|2≥ bkak ) as
P(Sk ≤ x, |h1k|2 ≥ bk
ak
)
(a)
=
∫ +∞
bk
ak
[
1− exp
(
− x
λ2k(aky−bk)
)]
e
− yλ1k
λ1k
dy
(b)
=
(
1− 1
λ1kak
∫ +∞
0
exp
(
− x
λ2kz
− z
akλ1k
)
dz
)
× exp
(
− bk
akλ1k
)
, (A.1)
where steps (a) and (b) follows from y = |h1k|2 and z =
aky − bk, respectively. Then FSk(x) can be calculated as
FSk(x) = P(Sk ≤ x
∣∣|h1k|2 ≥ bk
ak
)
=
P(Sk ≤ x, |h1k|2 ≥ bkak )
P(|h1k|2 ≥ bkak )
= 1− 1
λ1kak
∫ +∞
0
exp
(
− x
λ2kz
− z
akλ1k
)
dz
(c)
= 1− 1
λ1kak
√
4akλ1kx
λ2k
K1
(√
4x
λ2kλ1kak
)
, (A.2)
where step (c) holds based on [3.324] in [36] and K1(·) is the
modified Bessel function of the second kind.
Further, the PDF of Sk conditioned on |h1k|2≥ bkak is
fSk(x) =
∂P(Sk ≤ x
∣∣|h1k|2 ≥ bkak )
∂x
=
1
λ1kλ2kak
∫ +∞
0
1
z
exp
(
− x
λ2kz
− z
akλ1k
)
dz
(d)
=
2
λ1kλ2kak
K0
(
2
√
x
λ1kλ2kak
)
, (A.3)
where step (d) follows by [3.478] in [36] and K0(·) is the
modified Bessel function of the second kind.
APPENDIX B
Following |h1k|2 ∼ exp( 1λ1k ), we can compute I1 as
I1 = 1− exp
(
− bk
akλ1k
)
. (B.1)
Then the main difficulty is how to compute I2. In order to
obtain I2, we first provide the following proposition to achieve
both the CDF and PDF with respect to Sk conditioned on
|h1k|2 ≥ bkak .
By means of Proposition 1, we can calculate I2 as
I2 = P
(
Sk
PtK
p
k |gpk|2 + σ2
< γbth
∣∣∣∣|h1k|2 ≥ bkak
)
× P
(
|h1k|2 ≥ bk
ak
)
(a)
= (1− I1)
[ ∫ +∞
γbthσ
2
exp
(
− x
γbthPtK
p
kλ
p
k
)
fSk (x) dx︸ ︷︷ ︸
I2−1
× exp
(
σ2
PtK
p
kλ
p
k
)
+ FSk
(
γbthσ
2
) ]
, (B.2)
where step (a) follows by letting |gpk|2 ∼ exp( 1λpk ) and
considering two cases, i.e., Sk > γbthσ
2 and Sk ≤ γbthσ2.
Further, I2−1 can be rewritten as
I2−1 = I2−2 −
∫ γbthσ2
0
exp
(
− x
γbthPtK
p
kλ
p
k
)
fSk (x) dx
(b)
= Θk −
∫ γbthσ2
0
exp
(
− x
γbthPtK
p
kλ
p
k
)
fSk (x) dx,
(B.3)
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where I2−2 =
∫ +∞
0
exp
(
− x
γbthPtK
p
kλ
p
k
)
fSk (x) dx,
step (b) follows from Appendix C and Θk =
−ϑkγbthEi(−ϑkγbth) exp
(
ϑkγ
b
th
)
with ϑk =
PtK
p
kλ
p
k
λ1kλ2kak
and the exponential integral function Ei(%) =
∫ %
−∞ t
−1etdt.
APPENDIX C
Let α1 and α2 denote 1γbthPtKpkλpk
and 1λ1kλ2kak , respectively.
Then I2−2 can be calculated as
I2−2 =
2
λ1kλ2kak
∫ +∞
0
e−α1xK0 (2
√
α2x) dx
(a)
=
e
α2
2α1
λ1kλ2kak
√
α1α2
(Γ(1))
2
W− 12 ,0
(
α2
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)
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1
λ1kλ2kakα1
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α2t
α1
1 + t
dt
=
−e
α2
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λ1kλ2kakα1
Ei
(
−α2
α1
)
(b)
= −ϑkγbthEi(−ϑkγbth) exp
(
ϑkγ
b
th
)
, (C.1)
where step (a) holds based on [6.614] in [36]; Γ(x) =∫ +∞
0
tx−1e−tdt is a gamma function; Wµ,ν (x) is a
Whittaker function which is given by Wµ,ν (x) =
xν+0.5e−
x
2
Γ(ν−µ+0.5)
∫ +∞
0
e−xttν−µ−0.5(1 + t)ν+µ−0.5dt; Ei(%) =∫ %
−∞ t
−1etdt denotes the exponential integral function; step
(b) follows by letting ϑk =
PtK
p
kλ
p
k
λ1kλ2kak
.
APPENDIX D
In (14), the term
∫ γbthσ2
0
exp
(
− x
γbthPtK
p
kλ
p
k
)
fSk (x) dx is
not a closed-form expression. Thus the purpose of this ap-
pendix to approximate this term based on a high transmit
power of the LT.
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2
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p
kλ
p
k
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. (D.1)
where step (a) holds from K0 (x) ≈ − ln
(
x
2
) − c0 at x → 0
[eq. (8.446), [36]] and the fact that the noise power is very
small in practical communications, i.e., σ2 → 0; c0 ≈ 0.5772
is the Euler constant; step (b) is derived from the variable
substitution, i.e., y =
√
x.
Based on the fourier series of exp
(
− x2
γbthPtK
p
kλ
p
k
)
at x →
0 [eq.(1.211.3), [36]], we have the following approximation
when the transmit power of the LT is high, given by
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APPENDIX E
We first provide the CDF of Gk. Similar to (A.1),
P
(
Gk ≤ x, |h1k|2> bkak
)
is given by
P
(
Gk ≤ x, |h1k|2 > bk
ak
)
=
(
1− 1
λ1kaik
√
4aikλ1kx
λsk
K1
(√
4x
λ1kλskaik
))
× exp
(
− bk
akλ1k
)
. (E.1)
Then the CDF of min (G1, G2, . . . , GK) conditioned on
K⋂
k=1
|h1k|2 > bkak , denoted by FGmin(x), is given by
FGmin(x)
= P
(
min (G1, G2, . . . , GK)≤ x
∣∣∣∣ K⋂
k=1
|h1k|2 > bk
ak
)
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.
(E.2)
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APPENDIX F
Based on the expression of Ĝk, we first determine the CDF
of Ĝk as
P
(
Ĝk ≤ x
)
= P
(
Gk ≤ x, |h1k|2> bk
ak
)
+ P
(
|h1k|2≤ bk
ak
)
= 1− 1
λ1kaik
√
4aikλ1kx
λsk
K1
(√
4x
λ1kλskaik
)
× exp
(
− bk
akλ1k
)
. (F.1)
Then the CDF of Ĝmax can be calculated as
FĜmax(x)
= P
(
max
(
Ĝ1, Ĝ2, . . . , ĜK
)
≤ x
)
=
K∏
k=1
(
1− 1
λ1kaik
√
4aikλ1kx
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(√
4x
λ1kλskaik
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× exp
(
− bk
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)
+ 1− exp
(
− bk
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)
. (F.2)
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